The purpose was to examine the effects of single pulse transcranial magnetic stimulation (TMS) over primary motor cortex delivered at different times during a center-out reaching task in a robot reaching environment.
INTRODUCTION
Reaching movements form the basis for many activities of daily living and are thus a common target of rehabilitation research. Transcranial magnetic stimulation (TMS) has been used to probe neural dynamics in parietal regions associated with reaching [1] and preparatory changes in primary motor cortex (M1) related to other tasks [2, 3] , but not the neural dynamics of M1 specifically during reaching. The effects of TMS on M1 during reaching are of interest not only for determining the brain mechanisms controlling reaching, but also because there may be therapeutic applications of TMS in robotic reach rehabilitation. The timing of stimulation is critical to associative plasticity [4] , and may have important implications in the development of robotic reaching training combined with TMS. Prior to using TMS in such a manner, the effects of TMS timing on movement *Address correspondence to this author at the Geriatrics Clinical, Education and Research Center, 10 N. Greene St. (BT/18/GR), Baltimore, MD 21201-1524, USA; Tel: +1-410-537-3216; Fax: +1-410-637-1417; E-mail: GWittenberg@som.umaryland.edu within robotic devices need to be investigated so that stimulation protocols can be designed to enhance, rather than interfere with, goal-directed movements.
TMS of the motor cortex has been shown to alter reaction time and induce perturbations of voluntary movements, yet these findings are not always consistent [5] [6] [7] [8] [9] . For example, Gregori and colleagues [5] determined that the timing, location, and intensity of stimulation had differential impacts on reaction time (RT) and movement time. A few studies on the impact of TMS on movement are relevant: Berardelli et al. [6] demonstrated that stimuli delivered after the start of movement caused a perturbation or temporary interruption in a triangle drawing task. Latash and colleagues [10] determined that TMS induced a phase shift during ongoing cyclic movements, such that ongoing joint movements were either sped up or slowed down depending on the timing of the TMS pulse. One suggested mechanism was the period of motor cortical suppression (silent period) following stimulation because it could completely abolish a muscle activity burst. These studies demonstrate the potential for variations in the timing of TMS to differentially alter movements, but the nature of this influence during goal-directed movements within a robotic reaching environment is unknown.
The effects of TMS on the potential to influence movements have been well-documented outside of a robotic reaching environment. Another parallel line of research has demonstrated that TMS evokes stereotypical movements at rest in addition to motor evoked potentials (MEP) [11] [12] [13] [14] . For example, we have previously demonstrated that multi-joint endpoint movements evoked at rest by single-pulse TMS can be quantitatively mapped in a two degree-of-freedom horizontal plane using a robotic device [11] . Despite these two general lines of TMS research, one lingering question is if/how TMS elicits movement-evoked responses prior to or during reaching, and how the timing of such stimulation differentially impacts reaching performance in a robotic training environment. Studies are needed to evaluate the timing of TMS within a robotic reaching environment as there is no general consistency across studies.
The purpose of this pilot study was to examine the effects of single pulse TMS of M1 delivered at different timing intervals on reaching kinematics during an 8-direction center-out reaching task in the robotic environment. It was conducted at the same time and with the same subjects as work on TMS evoked movements [11] , and we hypothesized that TMS stimulation during the reaction time phase would enhance some aspects of reaching kinematics such as peak velocity. We also hypothesized that TMS delivered during movement would perturb end-point kinematics in a directionally specific manner. The results of this study would facilitate the development of stimulation protocols combined with robotics for potential rehabilitation interventions by better understanding how the timing of such stimulation influence a goal-directed reach.
METHODS

Participants
Eleven right-handed subjects (5 female; 6 male) were recruited for this study and provided informed consent in a protocol approved by the University of Maryland Institutional Review Board and local Veterans Administration Research Committee. Subjects ranged in age from 24-30 (mean 26.8 ± 2.2) years. Subjects had no history of seizures, treatment with antiepileptic medication, implanted electronic devices, implanted metal in the head, or any other contraindications to TMS.
Experimental Setup
Participants sat comfortably at a 2 degree-offreedom planar rehabilitation robotic device (Interactive Motion Technologies, Inc., Cambridge, MA, USA) with a center-out reaching task as depicted in Figure 1 . Participants were instructed to rest their forearm in the cradle of the robot with their hand resting around the handle at the end of the cradle. The robot applied a spring-like centripetal force field (75 N/m) to prevent the arm/hand from drifting and to return to the initial configuration after each elicited movement, without any subject effort. The robot encoders recorded TMSelicited movements in the horizontal plane.
TMS was delivered using a MagStim 200 Magnetic Stimulator and figure-eight coil (MagStim Ltd., Wales, UK). During stimulation, the coil was held tangential to the scalp with the handle pointing backward and laterally at a 45° angle to the sagittal plane. The coil position and orientation relative to the participant's head was monitored using a frameless stereotactic system (BrainSight, Rogue Research, Montréal, QC, Canada). Movement hotspot and threshold were determined as described in Jones-Lush et al. [11] . Briefly, the hotspot was the corresponding scalp location that, when stimulated, generated the largest evoked movements. The threshold was then determined as the lowest stimulation intensity eliciting movement in 5 of 10 stimulations. Stimulation intensity was then set at 120% of the movement threshold for all conditions, except sham and no stimulation. The sham was a very low (5%) stimulation intensity to generate an auditory click but not effective M1 stimulation, and was delivered at 150 ms following the go cue. The sham condition in this pilot was not ideal, but based on limited equipment available at the time. Ten stimuli were delivered at rest to record the movement direction and path lengths evoked by TMS stimulation. The x,y coordinates corresponding to the point of peak velocity (PV) were used to determine the angle of the trajectory in relation to a coordinate system centered on the origin of the center-out reaching task in the robotic environment (see Figure 1b) .
Following the TMS testing at rest, subjects were instructed to perform a series of center-out reaching tasks as rapidly and accurately as possible to a visual target located 14 cm from the center. A flashing target appeared as the go cue at 8 different locations located All participants completed the session reaching with the right arm while stimulation was delivered to the left motor cortex. C. Timeline of TMS pulse delivery relative to visual cue and kinematic parameters resulting from the velocity profile including peak velocity, reaction time, acceleration time, and deceleration time. Suprathreshold TMS stimulation were delivered at 150ms, 500ms, and 1000ms following a visual 'go' cue. Additionally, a no-stimulation condition and a sham stimulation condition delivered at 150ms were also conducted.
around the center target in a clockwise sequence. Subjects performed this reaching task under 5 different conditions presented randomly: no stimulation, sham stimulation, and TMS stimulation delivered at 150, 500, and 1000 ms following the go cue. The TMS stimulation was delivered at 120% of the movement threshold over the hotspot. Five trials were collected and averaged for each TMS condition at 8 different target locations and were separated by 5 seconds (200 trials total). The onset of the trial was the go cue and ended when the subject reached within a 1 cm radius of the target. Data collected from the robot were x, y coordinates of movement and the absolute velocity. A path length was calculated from the time point of stimulation (150ms following the go cue) to the movement onset to determine movements evoked by the stimulation at 150ms. Trajectory deviations for the no stim, sham, and 150ms stimulation conditions were determined as the angular difference between a vector generated from the origin to the x,y coordinates when PV was reached and a vector from the origin to the target. A positive value indicated a clockwise deviation and negative a counter-clockwise deviation. To assess the potential for the TMS to influence the direction of the deviations across subjects, these values were sorted by the direction of the movement evoked at rest. As a result, the reaching directions closest to the direction evoked at rest were labeled at 1 or -1 and increased sequentially both clockwise and counterclockwise, respectively to indicate relative position of the reaching movement to the evoked direction. Additional outcome variables included peak velocity (m/s), path length (cm), reaction time (s), acceleration time (s), and the deceleration time (s). PV (m/s) was determined from the velocity profile for each trajectory and path length represented a measure of curvature.
Reaction time was determined as the time elapsing between presentation of the stimulus and when the velocity exceeded 0.05m/s. The acceleration time was the period of time following movement onset until the PV was reached and the deceleration time was from PV to hitting the target (see Figure 1c) . Together, these make up time to target which occurred from the visual cue presentation until the subject reached within 1 cm of the target radius.
Data Analysis
We generated plots of the trajectories to each target for the three stimulation conditions (150ms, 500ms, and 1000ms) to display and examine patterns in data. A mixed procedure in SAS was used to analyze the effects of condition (no stim, sham, 150ms, 500ms, 1000ms) and direction (8 directions). Post hoc analyses were conducted using a Tukey-Kramer adjustment for multiple comparisons. A paired t test was used to evaluate the evoked path length at rest and for the 150 ms TMS condition. A p value < 0.05 was considered to indicate statistical significance. Figure 2 illustrates the trajectory responses from a representative subject for the 150ms, 500ms, and 1000ms conditions compared to no-stimulation (traces with stimulation are blue prior to stimulation and green following the point of stimulation; traces with no stimulation are red and then turn to magenta at a time point consistent with the stimulation). These three conditions generally correspond to the late reaction time, initial rapid movement, and movement termination/correction stages, respectively. When the stimulation was applied during the reaction time phase (i.e., 150 ms condition), trajectories were, on average, straighter and more positive (clockwise deviationsgreen lines compared to purple). Interestingly, there was no trace of TMS evoked movements such as occurred at rest. The impact of TMS delivered at 500ms during movement execution was more pronounced with apparent overshoot necessitating corrective movements. The effects observed at 1000 ms were most variable. Most participants were still en route to the target but large movements were influenced by the stimulation.
RESULTS
The effects of TMS during the movement preparation phase were determined by comparing the TMS evoked path length at rest with the TMS that was delivered prior to movement initiation, i.e., 150ms condition. Figure 3a illustrates the significantly shorter evoked path length (t = -6.2, p < 0.0001) when TMS was delivered during the reaction time phase (150ms condition), compared to at rest. The direction of TMS evoked movements at rest are presented in Figure 3b . We also compared the impact of TMS during the movement preparation phase on trajectory deviations by comparing the no-stimulation, sham, and 150ms condition. Deviations were significantly different between conditions, F(2,236) = 12.2, p <0.0001, with a significant suppression of deviations during the sham (t=-2.6, p = 0.028) and 150ms condition (t=-4.9, p <0.0001) compared to the no-stim condition (Figure  3c ). There was a trend for straighter trajectories during the 150ms condition compared to the sham condition, although this was not significant (t=-2.2, p = 0.07). There was also a non-significant trend for an effect of direction, F (7,236) = 1.9, p = 0.07, but no direction had a particularly strong effect.
The PV and path length were determined for all conditions and are illustrated in Figure 4 with significant differences between means indicated by a separate letter. We found a significant main effect for condition on the PV recorded during the reaching tasks, F (4,402) = 28.1, p < 0.0001, and a significant main effect for direction, F (7,402) = 5.1, p < 0.0001. The PV during the no-stimulation condition was significantly lower than all the other conditions, and the PV during the 500ms condition was significantly higher than the other conditions. The PV was significantly higher during the 150ms condition compared to sham (t = -2.88, p = 0.04). We calculated path lengths to further quantify the trajectory changes observed from the trajectory plots in Figure 2 , and there was a significant main effect for condition, F (4,402) = 34.3, p < 0.0001, and direction, F (7,402) = 5.1, p < 0.0001. The path lengths during the no stim, sham, and 150ms condition were not significantly different, but these were significantly different from the 500ms and 1000ms conditions. There was no difference in path length between the 500ms and 1000ms conditions (t = 2.1, p = 0.2).
The influence of TMS on the total time to target, broken down by temporal parameters including reaction time, acceleration time, and deceleration time is illustrated in Figure 5 for each condition. The total Figure 4 : A. Peak velocity (m/s) for the 5 different conditions. The peak velocity was significantly lower in the no stimulation condition compared to all other conditions, and significantly higher in the 500ms condition compared to all other conditions. The peak velocity was significantly higher in the 150ms condition compared to the sham condition. B. Path lengths (cm) are illustrated for the 5 different conditions. The path lengths between the no-stimulation, sham, and 150ms condition were not significantly different from each other; however, these were significantly shorter than the 500ms and 1000ms conditions. There was not a significant difference between the 500 and 1000ms condition. Means with different letters are significantly different (p < 0.05). The peak velocity, acceleration time, and deceleration time are averaged across stimulation conditions and plotted for each reaching target to depict how the outcomes varied across the reaching directions. Although there was a main effect for direction in each of these outcomes, no general consistency across reaching directions was observed except that those reaching directions with shorter acceleration phases had lower peak velocities and longer deceleration phases, e.g., north (N) and northeast (NE) directions. Abbreviations: N, north; NE, northeast; E, east; SE, southeast; S, south, SW, southwest, W, west, NW, northwest.
to target was broken down into different parameters, there was a significant main effect for condition on reaction time, F (4,402) = 19.9, p <0.001, acceleration time, F (4,402) = 3.4, p = 0.009, and deceleration time, F (4,402) = 7.4, p <0.001. The RT was not significantly different between no-stimulation, 500ms, 1000ms conditions (p > 0.05). There was also no significant difference in reaction time between the 150ms and 500ms condition (p > 0.05). All participants had an averaged reaction time greater than 150ms, confirming that participants received the 150ms TMS condition during the reaction time. The acceleration phase was significantly shorter for the 150ms and 500ms conditions compared to the no-stimulation condition (p > 0.05). The results from the post-hoc comparisons are listed in Table 1 . In addition to the main effect for condition, there was a main effect for direction for the acceleration time, F (4,402) = 4.0, p <0.001 and the deceleration time, F (4,402) = 7.1, p <0.0001, but not for the reaction time (p > 0.05). As depicted in Figure 6 , the effects of direction were variable across measures, but it appeared that the directions with lower PV also had the shorter acceleration phases and longer deceleration phases, e.g., the northeast (NE) and east (E) directions.
DISCUSSION
This study determined the impact of single-pulse TMS delivered at different phases of the reaching cycle in a robotic environment. One of the main findings from this study was one of suppressed TMS-evoked movements when stimulation was delivered in the late reaction time period. In support of our first hypothesis, the resulting reaching movements were straighter (less deviation), had higher peak velocities, and shorter reaction times during the 150ms condition compared to the no-stimulation condition. Also in support of our hypotheses, TMS delivered during movement execution influenced reaching kinematics such that peak velocities were highest when TMS was delivered at 500ms following the visual cue, but the path lengths were significantly longer compared to no-stimulation and sham conditions. Another interesting finding from this study was inconsistent, or the lack of directional effects between the 8 reaching directions both in absolute reaching direction and relative to TMS evoked direction. Together, these results provide important insight into the development of treatments for combining TMS with robotic therapy by suggesting that movement parameters can be enhanced when a stimulus is delivered during the pre-movement phase, regardless of inertial anisotropies or TMS-evoked movement directions.
The present results demonstrated that TMS delivered during the reaction time phase did not evoke the same sort of movement as when applied at restthe evoked path lengths were significantly shorter than when TMS was delivered at rest. This is consistent with previous reports with respect to changes in evoked movements during the motor preparatory phase [15, 16] ; however, experimental differences limit direct comparisons. Van Elswijk and colleagues [15] demonstrated that the direction of thumb evoked movements were more unpredictable when TMS was delivered during the preparation for movement compared to at rest, but there was a systematic modulation of corticospinal excitability depending on the prepared movement direction. Similarly, Sommer and colleagues [16] suggested that increased excitability of the predominant muscle results in a gradual change in evoked movement direction. One novelty of our study was that the experimental setup utilized a planar robot to encode upper-extremity endeffector movements evoked by TMS targeted to proximal muscles. As a result, the comparison to previous reports of evoked movements in the thumbparadigm should be carefully considered because our data suggest a suppression effect of evoked proximal movements and a corresponding increase in the voluntary movement. Certainly, these differences, which may be related to characteristics within multijoint systems, outline areas for future research.
The behavioral observations of changes in evoked movements corroborate important neurophysiological considerations for motor control, and previous studies have demonstrated changes in corticomotor pathway excitability prior to movement onset [15] [16] [17] . For example, Soto and colleagues [17] demonstrated an increase in cortical excitability prior to movement onset in a simple reaction time task and choice reaction time task. Similarly, van Elswijk and colleagues [15] demonstrated that a thumb muscle was modulated during a preparatory and response interval, but the excitability of another intrinsic hand muscle generally decreased over time. This finding suggests a general inhibitory mechanism that prevents a TMS-evoked response from occurring, while allowing facilitation of selective muscles. This concept is consistent with previous reports [9] . Additional studies are needed to determine if similar neurophysiological changes occurred during the movement preparation phase of a goal-directed reach in a planar robot.
The current study highlights the behavioral responses to stimulation delivered during the reaction phase. In addition to suppressed evoked responses prior to movement onset, TMS also affected the subsequent voluntary reach. The reaching trajectories were significantly straighter during the 150ms condition compared to the no-stimulation condition. The reaction time for the 150ms condition was also significantly shorter than during the no-stimulation condition (see Table 1 ), and had higher peak velocities. The increase in peak velocity was significantly greater than the nostimulation condition and it was greater than the sham condition. This is an important finding because our results suggest a priming effect of the sham stimulation, possibly related to the auditory click. These effects have been previously shown and highlight the importance of having a double control for a study like this, i.e., a no-stimulation condition and a sham condition (even considering the less than adequate nature of our sham). This priming effect can be observed in the reaction time data, and our results are consistent with previous findings [5, 9] . The perturbations caused by TMS delivered after movement initiation were consistent with previous reports, although the current study was novel in that it was conducted in a robotic reaching environment. We elected to focus on the behavioral outcomes for this initial study to aid in the development of robotic rehabilitation combined with non-invasive brain stimulation.
In addition to determining the effects of TMS timing, the current study was designed to evaluate the effects of reaching direction in the robotic reaching environment because the center-out reaches were in 8 different directions equally spaced at 45 degrees. The deviations in trajectories when stimulation was applied before movement onset or no stimulation were not influenced by the direction of movement evoked at rest because we did not observe a direction effect. We elected to classify our reaches for this outcome measure around the direction evoked at rest to more clearly discern if the deviations were influenced by which direction TMS evoked at rest. Interestingly, we did not see an effect of direction on movement deviation, which suggests that M1 responds differently to TMS stimulation at rest compared to the movement preparation, and this aligns with our other data discussed above. Although we did not observe a directional effect on the deviation outcome, there were inconsistent findings in the other outcome measures. For example, there was a main effect for direction on peak velocity, path length, acceleration, and deceleration times, but no effect for direction on reaction time. The pair-wise comparisons, however, were not consistent between outcomes -no pair was significantly different across all of the outcome measures. These results appear to be independent of the stimulation (no interaction effects) and likely due to anisotropies.
Motor control of reaching has been conceptualized as a two-component process [18] in which an initial rapid aiming movement is followed by corrective movements under sensory guidance. In this framework, we would expect the 150 ms stimulation to affect the initial phase, with the later stimulation having effects at the two ends of the second phase. We demonstrated an increase in the ballistic-type movement, resulting in an altered second phase, but with no apparent cost in accuracy or time. Further work to determine if this is a loophole through Fitts Law would be interesting. Stimulation during the second phase predictably interfered with corrective movements, possibly by a late extension of the initial movement and/or by exaggerating final corrective movements. The results of this study highlight the ability to quantitatively detect changes in motor performance due to TMS stimulation using the robotic environment, and thus providing a valuable method to study motor control.
CONCLUSION
TMS stimulation may be delivered in such a way to enhance reaching movements. Of interest, the timing of such stimulation appears to be particularly important such that TMS delivered during the preparatory phase results in smaller evoked movements than at rest and improved voluntary reaching performance. The results of our study support the potential to combine TMS with robotic training. Impedance control robot training therapy is a recent approach to rehabilitation of stroke survivors with chronic hemiparesis [19] [20] [21] [22] with a purpose to support the patient's active but insufficient movement to assist purposeful motor sequences. The combination of TMS and a robotics training approach may access the recovery capabilities of the motor system to re-establish voluntary movement ability. Future research directions include expanding this work to survivors of stroke and further investigating how TMS supports movement during robotic training. 
